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METHODS AND APPARATUS FOR CHANNEL
QUALITY INDICATION FEEDBACK IN A
COMMUNICATION SYSTEM

CLAIM OF PRIORITY

This application is a divisional of U.S. patent application
Ser.No. 12/232,376, filed on Sep. 16, 2008, now U.S. Pat. No.
8,699,960, which claims the benefit of U.S. Provisional
Application No. 61/008,567, filed on Dec. 21, 2007, the dis-
closures of which are expressly incorporated by reference
herein in their entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to methods and apparatus for
feeding back channel quality indication in a communication
system.

2. Description of the Related Art

This application, pursuant to 37 C.F.R. §1.57, incorporates
by reference the following publications:

[113GPP R1-075037, “Draft Change Request to TS 36.212
v8.0.0;

[2] 3GPP R1-075069, “Summary of AH session on Al
6.4.5 “UE Procedures for downlink shared channel’””, Sam-
sung,;

[3] “I[LTE] CQI table construction”, email discussions on
3GPP RANI1 email reflector.

Table 1 shows an example of a channel quality indication
(CQI) table. Each CQI index of the table represents the chan-
nel condition estimated by a mobile station (i.e., User Equip-
ment or UE). For a given channel condition, the most appro-
priate CQI index is selected and fed back by the mobile
station. As an example, as shown in Table 1, if CQI index 9 is
reported, the UE recommends modulation and coding
scheme (MCS) as quadrature phase-shift keying (QPSK), 1/4
code rate (64/256=1/4). Note that this recommendation only
serves as an input for the base station (i.e., Node B) to make
a scheduling decision. The Node B may or may not follow the
recommendation by the UE. Also note that there are various
ways of constructing the table. For example, the table may be
constructed with a subset of the columns as shown in Table 1.
As an example, the table may consist of the CQI index col-
umn, the modulation column, and the code rate column. Or,
alternatively, the table may consist of the CQI index column,
the nominal transport block size (TBS) column, and (option-
ally) the modulation column.

TABLE 1

An example of CQI table

CQI Code Rate x Nominal spectral Nominal
index Modulation 256 efficiency TBS
0 N/A N/A N/A N/A
1 QPSK 10 0.078125 40
2 QPSK 13 0.1015625 48
3 QPSK 16 0.125 64
4 QPSK 20 0.15625 72
5 QPSK 26 0.203125 96
6 QPSK 32 0.25 120
7 QPSK 40 0.3125 152
8 QPSK 51 0.3984375 192
9 QPSK 64 0.5 240
10 QPSK 83 0.6484375 312
11 QPSK 100 0.78125 376
12 QPSK 120 0.9375 448
13 QPSK 140 1.09375 528

w

10

15

20

25

30

35

40

45

50

55

60

65

2
TABLE 1-continued

An example of CQI table

CQI Code Rate x Nominal spectral Nominal
index Modulation 256 efficiency TBS
14 QPSK 161 1.2578125 608
15 16 QAM 84 1.3125 624
16 16 QAM 100 1.5625 752
17 16 QAM 115 1.796875 864
18 16 QAM 131 2.046875 976
19 16 QAM 147 2.296875 1088
20 16 QAM 163 2.546875 1216
21 16 QAM 181 2.828125 1344
22 16 QAM 199 3.109375 1504
23 64 QAM 138 3.234375 1568
24 64 QAM 151 3.5390625 1696
25 64 QAM 165 3.8671875 1856
26 64 QAM 179 4.1953125 2016
27 64 QAM 194 4.546875 2176
28 64 QAM 209 4.8984375 2368
29 64 QAM 221 5.1796875 2496
30 64 QAM 231 5.4140625 2624
31 64 QAM 236 5.53125 2688

Contemporarily, when a UE feeds back a CQI index
selected from Table 1, the UE has to use 5 bits for the CQI
index, which creates a large overhead for the control signal.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
an improved method and apparatus for feeding back CQI
index.

According to one aspect of the present invention, a sub-
table is established from an original channel quality indica-
tion table. When a channel quality indication index is selected
from the channel quality indication sub-table, an index within
the sub-table of the selected channel quality indication index
is reported.

According to another aspect of the present invention, chan-
nel quality estimations are obtained for a plurality of trans-
mission channels. A first channel quality indication index is
determined in dependence upon a channel quality estimation
of a first transmission channel, and a second channel quality
indication index is determined in dependence upon a channel
quality estimation of a second transmission channel. A dif-
ferential channel quality indication index of the second chan-
nel quality indication index is determined with reference to
the first channel quality indication index in dependence upon
a differential compression scheme. Then, the first channel
quality indication index and the differential channel quality
indication index are reported.

In this case, when a terminal receives the first channel
quality indication index and the differential channel quality
indication index, the terminal derives the second channel
quality indication index in dependence upon the received first
channel quality indication index, the received differential
channel quality indication index and the differential compres-
sion scheme.

The differential compression scheme may be established

by

QSB,i:QSB,i_QWBa

where QSB,Z. denotes the differential channel quality indica-
tion index, Q5 denotes the first channel quality indication
index, and Qg5 denotes the second channel quality indica-
tion index.
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Alternatively, the differential compression scheme being
established by

ng,i = m-i“(ISB,maxa max(lss,min, {MD]

where QSB,Z. denotes the differential channel quality indica-
tion index, Q5 denotes the first channel quality indication
index, Qg5 denotes the second channel quality indication
index, I .. and Igs .. respectively denotes upper and
lower limits of the differential channel quality indication
index, and L denotes a resolution value.

The values of the upper and lower limits of the differential
channel quality indication index, I .. and I ., may be
adjusted in dependence upon the value of the first channel
quality indication index, Q5.

Still alternatively, the differential compression scheme
may be established by:

Qg = min(lss,max, max(lss,m;n, {MJ]]

Still alternatively, the differential compression scheme
may be established by:

- i = +A
Qi = miﬂ(lss,max, max(lss,min, {%J])

where A denotes an offset value.

The offset A may be determined in dependence upon the
first channel quality indication index Qy;5, with the offset A
being established by:

A=max(min(Qpuz-I WB,mimAdeﬁzulz)aQWB"'ISB,max—
Ty pmax)
where 1,5 ... and I, . respectively denotes upper and
lower limits of the first channel quality indication index, and
A s, dEMOtES @ certain default offset.

The first channel quality indication index may include
more bits than the differential channel quality indication
index.

According to yet another aspect of the present invention,
channel quality estimations are obtained for a wideband
channel and at least one subband channel. In dependence
upon the channel quality estimations, a wideband channel
quality indication index, and at least one subband channel
quality indication index corresponding to the at least one
subband channel are determined. Then, at least one differen-
tial channel quality indication index corresponding to the at
least one subband channel quality indication index is deter-
mined with reference to the wideband channel quality indi-
cation index in dependence upon a differential compression
scheme. Finally, the wideband channel quality indication
index and the at least one differential channel quality indica-
tion index are reported.

According to still another aspect of the present invention, a
wideband channel quality indication (CQI) index and a sub-
band CQI index in each subband corresponding to each of a
plurality of codewords in dependence upon channel quality
estimations. A first wideband CQI index corresponding to a
first codeword is selected as a first reference, and a wideband
delta CQI index for each of the other wideband CQI indices
corresponding to the other codewords is determined with
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4

reference to the first wideband CQI index in dependence upon
a differential compression scheme. In each subband, a sub-
band differential CQI index for the subband CQI index cor-
responding to the first codeword is determined with reference
to the first wideband CQI index in dependence upon the
differential compression scheme. A subband delta CQI index
for each of the other subband CQI indices corresponding to
the other codewords is determined with reference to the sub-
band differential CQI index in dependence upon the differ-
ential compression scheme. Finally, the wideband CQI index
corresponding to the first codeword, and the wideband delta
CQI indices corresponding to the other codewords are
reported. The subband differential CQI index corresponding
to the first codeword, and the subband delta CQI indices
corresponding to the other codewords are reported in each
subband.

The wideband CQI index may contain more bits than each
subband differential CQI index, and each subband differen-
tial CQI index comprising more bits than each subband delta
CQI index.

The CQI indices may be reported by using different num-
ber of bits in different transmission formats.

According to a further aspect of the present invention, a
plurality of channel quality indication indices are determined
in dependence upon the channel quality estimations. An aver-
age channel quality indication index is calculated based upon
the plurality of channel quality indication indices. A differ-
ential channel quality indication index is determined for each
of the plurality of channel quality indication indices with
reference to the average channel quality indication index in
dependence upon a differential compression scheme. Then,
the average channel quality indication index and the plurality
of differential channel quality indication indices may be
reported with one of the differential channel quality indica-
tion indices being omitted from transmission. Then, at the
receiver side, the plurality of channel quality indication indi-
ces may be derived in dependence upon the average channel
quality indication index and the differential channel quality
indication indices with one of them omitted.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the invention, and many
of the attendant advantages thereof, will be readily apparent
as the same becomes better understood by reference to the
following detailed description when considered in conjunc-
tion with the accompanying drawings in which like reference
symbols indicate the same or similar components, wherein:

FIG. 1(a) schematically illustrates a method for calculating
afull CQI index as an embodiment according to the principles
of the present invention;

FIG. 1() schematically illustrates a method for calculating
a differential/delta CQI index as an embodiment according to
the principles of the present invention;

FIG. 1(c) schematically illustrates a method for calculating
a differential/delta CQI index as another embodiment accord-
ing to the principles of the present invention;

FIG. 2 schematically illustrates a scheme for obtaining
frequency and space differential CQI as an embodiment
according to the principles of the present invention;

FIG. 3 schematically illustrates a scheme for obtaining
frequency and space differential CQI as another embodiment
according to the principles of the present invention; and

FIG. 4 schematically illustrates a scheme for obtaining
frequency and space differential CQI as still another embodi-
ment according to the principles of the present invention.
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DETAILED DESCRIPTION OF THE INVENTION

In this invention, we propose methods and apparatus to
improve the performance and reduce the overhead of channel
quality indication feedback in a communication system.

Aspects, features, and advantages of the invention are
readily apparent from the following detailed description, sim-
ply by illustrating a number of particular embodiments and
implementations, including the best mode contemplated for
carrying out the invention. The invention is also capable of
other and different embodiments, and its several details can
be modified in various obvious respects, all without departing
from the spirit and scope of the invention. Accordingly, the
drawings and description are to be regarded as illustrative in
nature, and not as restrictive. The invention is illustrated by
way of example, and not by way of limitation, in the figures of
the accompanying drawings. In the following illustrations,
we use the downlink channel quality indication (CQI) feed-
back in the uplink of 3GPP LTE systems as an example.
However, the technique illustrated here can certainly be used
in uplink CQI feedback in the downlink in LTE systems and
other systems whenever applicable.

In a first embodiment according to the principles of the
present invention, a communication station creates a CQI
sub-table by selecting a subset of entries in the CQI table and
reports CQI index or infers channel quality from CQI index
based on the CQI sub-table. In other words, the communica-
tion station reports the index-within-the-sub-table of the CQI
index, instead of reporting the index-within-the-original-
table of the CQI index.

In a first sub-embodiment of the first embodiment accord-
ing to the principles of the present invention, a CQI sub-table
can be constructed by selecting the rows with CQI indices
16~31. If such a CQI sub-table is used for a UE’s CQI report-
ing, the UE will only need 4 bits for reporting the index-
within-the-sub-table of the CQI index, which reduces over-
head. Note the dynamic range covered by this sub-table is
reduced to halfof'the dynamic range of the original table. This
example is shown in Table 2.

TABLE 2

An example of CQI sub-table

Code Nominal
Sub-table  CQI Rate x spectral Nominal
CQlindex index  Modulation 256 efficiency TBS
0 16 16 QAM 100 1.5625 752
1 17 16 QAM 115 1.796875 864
2 18 16 QAM 131 2.046875 976
3 19 16 QAM 147 2.296875 1088
4 20 16 QAM 163 2.546875 1216
5 21 16 QAM 181 2.828125 1344
6 22 16 QAM 199 3.109375 1504
7 23 64 QAM 138 3.234375 1568
8 24 64 QAM 151 3.5390625 1696
9 25 64 QAM 165 3.8671875 1856
10 26 64 QAM 179 4.1953125 2016
11 27 64 QAM 194 4.546875 2176
12 28 64 QAM 209 4.8984375 2368
13 29 64 QAM 221 5.1796875 2496
14 30 64 QAM 231 5.4140625 2624
15 31 64 QAM 236 5.53125 2688

In a second sub-embodiment of the first embodiment
according to the principles of the present invention, a sub-
table can be constructed by selecting the rows with even
number of CQl indices like 0, 2, . .., 30. Again, only 4 bits are
needed for reporting an index-within-the-sub-table of CQI
index (before considerations of CQI compression). This sub-
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6

table can have the same or similar dynamic range as the
original table, but with coarser resolution. This example is
shown in Table 3.

TABLE 3

Another example of CQI sub-table

Code Nominal
Sub-table  CQI Rate x spectral Nominal
CQIindex index Modulation 256 efficiency TBS
0 0 N/A N/A N/A N/A
1 2 QPSK 13 0.1015625 48
2 4 QPSK 20 0.15625 72
3 6 QPSK 32 0.25 120
4 8 QPSK 51 0.3984375 192
5 10 QPSK 83 0.6484375 312
6 12 QPSK 120 0.9375 448
7 14 QPSK 161 1.2578125 608
8 16 16 QAM 100 1.5625 752
9 18 16 QAM 131 2.046875 976
10 20 16 QAM 163 2.546875 1216
11 22 16 QAM 199 3.109375 1504
12 24 64 QAM 151 3.5390625 1696
13 26 64 QAM 179 4.1953125 2016
14 28 64 QAM 209 4.8984375 2368
15 30 64 QAM 231 5.4140625 2624

In a third sub-embodiment of the first embodiment accord-
ing to the principles of the present invention, a sub-table can
be constructed by selecting several rows of CQI indices from
the original table. Then, a few more rows can be added to the
sub-table to increase the resolution of the sub-table higher
than the resolution of the original table. For example, we can
select CQI indices 3, 4, 5, 6, 7, 8, 9, 10 to construct the
sub-table. We can add a few rows to the sub-table to increase
the resolution. This example is shown in Table 4.

TABLE 4

Another example of CQI sub-table

Code Nominal
Sub-table  CQI Rate x spectral Nominal
CQIindex index Modulation 256 efficiency TBS
0 3 QPSK 16 0.125 64
1 New QPSK 18 0.140625 68
2 4 QPSK 20 0.15625 72
3 New QPSK 23 0.1796875 84
4 5 QPSK 26 0.203125 96
5 New QPSK 29 0.2265625 108
6 6 QPSK 32 0.25 120
7 New QPSK 36 0.28125 136
8 7 QPSK 40 0.3125 152
9 New QPSK 46 0.359375 172
10 8 QPSK 51 0.3984375 192
11 New QPSK 58 0.453125 216
12 9 QPSK 64 0.5 240
13 New QPSK 74 0.578125 276
14 10 QPSK 83 0.6484375 312
15 New QPSK 92 0.71875 348

In a second embodiment according to the principles of the
present invention, different CQI tables constructed from the
same original CQI table are used to report (at the UE) or to
interpret (at the base station) different kinds of CQI. In other
words, the communication stations can use the same CQI
table with different resolution and/or different dynamic range
to report or interpret different kinds of CQI. In many cases, a
UE may report more than one kind of CQI to the base station.
Examples of the different kinds of CQI are wideband CQI,
transmit diversity CQ], average CQI, sub-band CQI, Multiple
Input Multiple Output (MIMO) CQI, etc. Different CQI
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tables can be used for these different kinds of CQI. These
different CQI tables can be independently constructed, or can
be constructed from the same original CQI table. For
example, a UE may report both wideband CQI and sub-band
CQI. Because the current invention focuses on the case that
the different CQI tables are constructed from the same origi-
nal table, examples in which the CQI tables for sub-band CQI
and the wideband CQI are independently constructed are not
provided. The wideband CQI is averaged over a set of sub-
bands, which typically cover a large bandwidth. To reduce the
overhead of CQI reporting, a differential compression
scheme is used. With this approach, the differences between
the sub-band CQIs and the wideband CQI, which we call
differential sub-band CQI, are reported together with the
wideband CQI. In this case, the wideband CQI is reported
using a full CQ], the sub-band CQI can be reported using a
differential CQI. As another example, a UE may report CQI
for MIMO codeword 1 and MIMO codeword 2. In that case,
a full CQI can be reported for the CQI of MIMO codeword 1,
while the difference between the CQI for MIMO codeword 1
and codeword 2 can be reported as a differential CQI. As yet
another example, a UE may report the CQI of one or multiple
MIMO codeword using a full CQI and report the gain due to
successive interference cancellation as a differential CQI.
Successive interference cancellation typically increases the
CQI of the second MIMO codeword to be more than the CQI
of the first MIMO codeword. In that case, the gain can be
viewed as a differential CQI between the CQI of the first
MIMO codeword and the CQI of the second MIMO code-
word. Typically, a full CQI is reported with a larger number of
bits while a differential sub-band CQI is reported with a
smaller number of bits. This differential compression reduces
the number of bits needed for reporting more than one CQI.
Since the full CQI is used as a reference for the differential
CQI, sometimes it is preferable to report the full CQI with
higher resolution and/or larger dynamic range than the dif-
ferential CQI. For example, 5 bits can be used for a full CQI
report while 3 bits can be used for a differential CQI. A CQI
table with 32 entries as shown in Table 5 can be used to report
a full CQI. The differential compression approach can be
viewed as constructing a smaller CQI sub-table from the
original CQI table for reporting the differential CQI. As an
example, assuming the full CQI index is 22, a 3-bit differen-
tial CQI sub-table can be constructed by selecting 8 rows
around CQI index 22 from the original CQI table.

TABLE 5
An example of CQI sub-table for differential CQI
Code Nominal
Sub-table Rate x spectral ~ Nominal

CQIindex CQIlindex Modulation 256 efficiency TBS
0 19 16 QAM 147 2.296875 1088
1 20 16 QAM 163 2.546875 1216
2 21 16 QAM 181 2.828125 1344
3 22 16 QAM 199 3.109375 1504
4 23 64 QAM 138 3.234375 1568
5 24 64 QAM 151 3.5390625 1696
6 25 64 QAM 165 3.8671875 1856
7 26 64 QAM 179 4.1953125 2016

Note in this case, we selected 3 CQI indices smaller than the
full CQI index, the full CQI index, and 4 CQI indices larger
than the full CQI index. By doing so, the constructed CQI
sub-table can support both positive and negative differential
CQI values.
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As another example, the differential CQI sub-table can be
constructed around the full CQI index with a different reso-
Iution. For example, the differential CQI sub-table can be
constructed with a larger step, e.g., by taking every two CQI
indices around the full CQI index. Again assuming the full
CQI index is 22, a 3-bit differential CQI sub-table can be
constructed by selecting 8 rows around CQI index 22 from the
original CQI table as shown in Table 6.

TABLE 6

Another example of CQI sub-table for differential CQI

Code Nominal

Sub-table  CQI Rate x spectral Nominal

CQIindex index Modulation 256 efficiency TBS
0 16 16 QAM 100 1.5625 752
1 18 16 QAM 131 2.046875 976
2 20 16 QAM 163 2.546875 1216
3 22 16 QAM 199 3.109375 1504
4 24 64 QAM 151 3.5390625 1696
5 26 64 QAM 179 4.1953125 2016
6 28 64 QAM 209 4.8984375 2368
7 30 64 QAM 231 5.4140625 2624

For illustration purpose, assume the full CQI is the wideband
CQI and the differential CQI is the sub-band differential CQI.
Note that the following embodiments are also applicable
when the full CQI and differential CQI represent other types
of CQI, such as MIMO CQI and MIMO delta CQIL.

Assume the wideband channel is represented by a
Matrix &y & g5, @ spiyp - G spyy,]” Where @ o, isthe
channel matrix for sub-band i,. In some cases, intermediate
measures such as channel capacity, mutual information,
transport block size, or effective Signal-to-noise ratio (SNR)
can be obtained from estimates of these channel matrices. The
reported wideband CQI index is Qz=q( & ;) and the sub-
band CQI index before differential compression is Qgp =
q( @ gz,) where q(*) is the UE’s measurement function that
selects a CQI index based on channel matrices. The CQI
index reported for the wideband CQI is Qp5=q( & p5), while
the CQI index reported for the sub-band CQI is QSB,Z.:
p(Qs5,)=p(q( O s5,)) Where p(*) is the UE’s differential com-
pression scheme for differential sub-band CQI. As an
example of this embodiment, the sub-band difterential CQI
index is defined as the sub-band CQI index subtracted by the
wideband CQI index. An exemplary mathematical represen-
tation is as follows,

~ d 1
QSB,i = mir(lsgymax, max(lss,mins {MJ]]’ N

where Q 55, 18 the differential CQI calculated by the transmit-
tet, Lz 0 and Igp ., respectively represents upper and
lower limits of the differential CQI index, and L is a certain
value for adjusting the resolution of the CQI sub-table. Note
that the upper and lower limits are applied to make sure the
reported differential CQI index is within the desired range.
For example, we can set the upper limit and the lower limit
such that Ly, .., =lez ,n—7 to make sure the differential CQI
index can be represented by 3 bits. At the receiver side, the
sub-band CQI index can be obtained by adding the differen-
tial sub-band CQI index back to the wideband CQI index. An
exemplary mathematical representation is as follows,

@

QSB,i:miH(I WB,maxamaX(I W8 min QwptLx QSB,i))-
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where QSBJ is the sub-band CQI calculated by the received
based on the received QSB,Z. and Qg Lyp e and Ty
respectively represents upper and lower limits of the wide-
band CQI index. Due to range limit and transmission error,
QSB,Z. and Qg5 , may not be the same. Without range limit or
transmission error, these two quantities would be the same.
As an example, we can set Iy . =+3, 1y ,..=4,
g ma31, and Iy ., =0 for a 5-bit wideband CQI and a
3-bit different sub-band CQI. L. is used to adjust the resolution
of the CQI sub-table for the differential sub-band CQI. For
example, we can set L.=2 to achieve a larger dynamic range for
the differential sub-band CQI. Note that in order to use 3 bits
to represent the differential sub-band CQI with a range from
4 to 3, we need to define a mapping between the 8 binary
values to the 8 differential sub-band CQI values. A typical
mapping is the “2’s complement” representation of signed
integers, which define the negation of a positive integer by
flipping every bit of a positive integer and adding the outcome
by 1. The mapping for 3-bit signed integers is shown in Table
7.

TABLE 7
Signed integers and its 2°s complement representation
Representation Value
000 0
001 1
010 2
011 3
111 -1
110 -2
101 -3
100 -4

Alternatively, the sub-band differential CQI index can be
defined as the wideband CQI subtracted by the sub-band CQI.
An exemplary mathematical representation is as follows,

Qg = m-i“(ISB,maxa max(ISB,mina {MJ]] *

At the receiver side, the sub-band CQI index can be
obtained by subtracting the differential sub-band CQI from
the wideband CQI. An exemplary mathematical representa-
tion is as follows,

Q)

As an example, we can set Ly, =+3, Iy . =4,
g ma31, and I ., =0 for a 5-bit wideband CQI and a
3-bit different sub-band CQI. L. is used to adjust the resolution
of the CQI sub-table for the differential sub-band CQI. For
example, we can set L.=2 to achieve a larger dynamic range for
the differential sub-band CQI. Note the negative relationship
between the sub-band CQI and the differential sub-band CQI
with this alternative. With the 2’s complement rule, there are
less quantization levels (indices) above 0 than those below 0
for the differential sub-band CQI. As a result, there are more
quantization levels (indices) above the wideband CQI index
than those below the wideband CQI index for the sub-band
CQI, which is advantageous for scheduling algorithms that
favor better channel conditions.

In a third embodiment according to the principles of the
present invention, the upper and lower limit indices for the
differential CQI can be adjusted depending on the value of the
full CQI. The full CQI represents the CQI index that is
selected by a UE based upon the channel condition. In other

QSB,i:miH(I WB,maxamaX(I WB mins Onp=Ix QSB,i))-
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words, the range of the differential CQI can be adjusted
depending on the value of the full CQI. For example, assume
the full CQI is 5 bits and uses the original CQI table shown in
Table 1. As an example, if the full CQI index is 2, we can
construct the differential CQI sub-table as follows:

TABLE 8
Another example of CQI sub-table for differential CQI
Code Nominal
Sub-table CQI Rate x spectral Nominal
CQIindex index  Modulation 256 efficiency TBS
-2 0 N/A N/A N/A N/A
-1 1 QPSK 10 0.078125 40
0 2 QPSK 13 0.1015625 48
1 3 QPSK 16 0.125 64
2 4 QPSK 20 0.15625 72
3 5 QPSK 26 0.203125 96
4 6 QPSK 32 0.25 120
5 7 QPSK 40 0.3125 152

This case corresponds to Equation (1) with Iz, .. =5 and
Lsz min=2. In Table 8, the full CQI index of 2 corresponds to
the Q5 in Equation (1); the column of “CQI index” corre-
sponds to the Q.1 in Equation (1); and, the column of “Sub-
table CQI index” corresponds to the differential CQI index
Q 5, in Bquation (1). In the example given in Table 8, the UE
first selects a wideband CQl index of 2 from Table 1. Then, the
UE constructs a differential CQI sub-table (i.e., Table 8) by
using the wideband CQI index of 2 as a reference. Afterwards,
the UE selects a sub-band CQI of 3 from the differential CQI
sub-table. Finally, the UE reports a 5-digit wideband CQI
index of 2, and a 3-digit sub-band CQI index of 3. Note that if
the UE selects another wideband CQI index, e.g., a wideband
CQIl index of 5, then, the UE has to construct another difter-
ential CQI sub-table.

As another example, if the average CQI index (i.e., the full
CQI index) is 10, we can construct the differential CQI sub-
table as follows:

TABLE 9
Another example of CQI sub-table for differential CQI
Code Nominal
Sub-table CQI Rate x spectral Nominal
CQIindex index  Modulation 256 efficiency TBS
-3 7 QPSK 40 0.3125 152
-2 8 QPSK 51 0.3984375 192
-1 9 QPSK 64 0.5 240
0 10 QPSK 83 0.6484375 312
1 11 QPSK 100 0.78125 376
2 12 QPSK 120 0.9375 448
3 13 QPSK 140 1.09375 528
4 14 QPSK 161 1.2578125 608

This case corresponds to Equation (1) with Iz, . =4 and

ISB,min:_3 .
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As another example, if the average CQI index is 30, we can
construct the differential CQI sub-table as follows:

TABLE 10

Another example of CQI sub-table for differential CQI

Code Nominal

Sub-table  CQI Rate x spectral Nominal
CQlindex index  Modulation 256 efficiency TBS
-6 24 64 QAM 151 3.5390625 1696
-5 25 64 QAM 165 3.8671875 1856
-4 26 64 QAM 179 4.1953125 2016
-3 27 64 QAM 194 4.546875 2176
-2 28 64 QAM 209 4.8984375 2368
-1 29 64 QAM 221 5.1796875 2496
0 30 64 QAM 231 5.4140625 2624
1 31 64 QAM 236 5.53125 2688

This case corresponds to Equation (1) with I ., =1, and
Leg pmin——6-

As afirst sub-embodiment of the third embodiment accord-
ing to the principles of the present invention, the sub-band
differential CQI index can be defined as the sub-band CQI
subtracted by the wideband CQI, plus an offset. An exem-
plary mathematical representation is as follows,

Qs = l’l’]iﬂ(ISB,max, max(ISB,mina {MD) "

At the receiver side, the sub-band CQI index can be obtained
by adding the wideband CQI back to the differential sub-band
CQI. An exemplary mathematical representation is as fol-
lows,

Q)

QSB,i:miH(I WB,maxamaX(I WB i Qwp—A+LX QSB,i))-

By setting different offset, we can adjust the range of the
differential sub-band CQI. One embodiment is to set different
offset for different full CQI value. As an example, assume the
wideband CQl index is 2. By setting Iz ... =7, Lz =0, and
A=+2, the differential sub-band CQI values and its mapping
to indices is shown as follows:

TABLE 11
Another example of differential sub-band CQI
Difference
Sub-  between
table sub-band Code Nominal Nom-
CQI CQIand CQI Rate x spectral inal
index reference index Modulation 256 efficiency TBS
0 -2 0 N/A N/A N/A N/A
1 -1 1 QPSK 10 0.078125 40
2 0 2 QPSK 13 0.1015625 48
3 1 3 QPSK 16 0.125 64
4 2 4 QPSK 20 0.15625 72
5 3 5 QPSK 26 0.203125 96
6 4 6 QPSK 32 0.25 120
7 5 7 QPSK 40 0.3125 152

As another example, if the wideband CQI index is 10, by
setting Iz ... =7, Lsp =0, and A=4+3, the differential sub-
band CQI values and its mapping to indices is shown as
follows:

w
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TABLE 12

Another example of differential sub-band CQI

Difference

Sub-  between
table sub-band Code Nominal Nom-
CQI CQIand CQI Rate x spectral inal
index reference index Modulation 256 efficiency TBS
0 -3 7 QPSK 40 0.3125 152
1 -2 8 QPSK 51 0.3984375 192
2 -1 9 QPSK 64 0.5 240
3 0 10 QPSK 83 0.6484375 312
4 1 11 QPSK 100 0.78125 376
5 2 12 QPSK 120 0.9375 448
6 3 13 QPSK 140 1.09375 528
7 4 14 QPSK 161 1.2578125 608

As another example, if the wideband CQI index is 30, by
setting Iz . 0n=7s Lsz =0, and A=+6, the differential sub-
band CQI values and its mapping to indices is shown as
follows:

TABLE 13

Another example of differential sub-band CQI

Difference

Sub-  between
table sub-band Code Nominal Nom-
CQI CQIand CQI Rate x spectral inal
index reference index Modulation 256 efficiency TBS
0 -6 24 64 QAM 151 3.5390625 1696
1 -5 25 64 QAM 165 3.8671875 1856
2 -4 26 64 QAM 179 4.1953125 2016
3 -3 27 64 QAM 194 4.546875 2176
4 -2 28 64 QAM 209 4.8984375 2368
5 -1 29 64 QAM 221 5.1796875 2496
6 0 30 64 QAM 231 5.4140625 2624
7 1 31 64 QAM 236 5.53125 2688

As a second sub-embodiment of the third embodiment
according to the principles of the present invention, by setting
the offset appropriately, we can adjust how many quantization
levels (indices) are above and below the reference level
(wideband CQI index). The offset can be chosen as a function
of the full CQI value. One example of such a functional
relationship is as follows:

A=max(min(Qpuz-I I/VB,minaAde,Qzult)aQPVB+ISB,rnax_

Ty ma M
Note the default value of A, dictates that how many CQI
indices below the full CQI index can be reported, without
considering the effect of the upper or lower limit of CQI
indices. As an example, assume the lower limit and the upper
limit for the full CQI is 15,70, and 1,5, =31, respec-
tively; assume the lower limit and the upper limit for the
differential CQI is Igz,,,=0, and Igs .. =7, respectively;
assume the default offset A ;,,,,=3. Equation (7) can be writ-
ten as

A=max(min(Qyz,3),0wp—24). (8)
This equation can be alternatively represented as:
Qws, if 0<Qwp=3 ()]
A= 3, if 3 < Qug <27

QWB —24, if 27 < QWB <31

Note this embodiment can be alternatively interpreted as dif-
ferent differential CQI value calculation depending on the
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value of the full CQI. Combining Equation (9) and Equation
(5), and the aforementioned assumption on the values of
upper and lower limits, the exemplary functional relationship
can be represented as

max(0, min(7, Qsp ;) if 0<Qup =<3
ng,; =4 max(0, min(7, Qsp; — Qwp +3)) if 3 < Qup <27
max(O, min(7, QSB,[ - 24)) if 27 < QWB =31

10

By setting the upper and lower limit appropriately, we can
control the number of bits used in reporting the differential
sub-band CQI. In the examples shown in Table 11, Table 12,
and Table 13, since the differential sub-band CQI value is
adjusted to be 0~7, the differential sub-band CQI value can be
mapped to the 3-bit differential sub-band CQI field using the
binary representation of unsigned integers. One example of
this representation is shown in Table 14.

TABLE 14

Unsigned integers and its binary representation

Representation Value
000 0
001 1
010 2
011 3
100 4
101 5
110 6
111 7

As an alternative, the sub-band differential CQI index can
be defined as the wideband CQI subtracted by a sub-band
CQI, plus an offset. Similarly, by setting the offset appropri-
ately, we can adjust how many quantization levels (indices)
are above and below the reference level (wideband CQI
index). By setting the upper and lower limit appropriately, we
can control the number of bits used in reporting the differen-
tial sub-band CQIL.

FIGS. 1(a), (b) and (c) schematically illustrate different
methods for calculating the full CQI and differential CQI. The
full CQI can be calculated using the process shown in FIG.
1(a). Specifically, first, channel estimates are obtained, and
channel quality measure such as effective SNR is calculated.
Then, the full CQ], i.e., the first CQl index, is calculated based
on the channel estimates and/or channel quality measures.
The differential CQI can be calculated using the processes
shown in either FIG. 1(54) or FIG. 1(¢). In one embodiment
according to the principles of the present invention shown in
FIG. 1(b), the difference between two channel quality mea-
sures (e.g., the difference of SINR) are first calculated, then
the differential/delta CQI index is selected based upon the
different between the two channel quality measures. Here, a
differential CQI table that establishes the mapping from the
difference between two channel quality measures, and the
differential/delta CQI index would be needed. In another
embodiment according to the principles of the present inven-
tion shown in FIG. 1(c¢), a second CQI index is selected based
on the channel estimates and/or channel quality measures.
Then, the value of the differential CQI index is obtained by
subtracting the index of a first CQI that is reported by a full
CQI, from the second CQI index that is reported by the said
differential CQI. In other words, the differential operation
should be performed on the quantized CQI indices, instead of
the channel conditions or other intermediate channel quality
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measures such as effective SINR, mutual information, trans-
port block size, or normalized transport block sizes. This
operation can be represented in an equation as follows,

QSB,i:QSB,i_QWB' (11)

Note that it is straightforward to extend this embodiment by
applying the upper limit I . and the lower limit Iz ,,,,-
And itis also a straightforward extension to choose a different
resolution level L for the sub-band CQI. Note that if the
differential operation is performed on the channel conditions
or other intermediate channel quality measures, both the full
CQI and the differential CQI indices will suffer from inde-
pendent quantization errors that will be accumulated when
the differential operation is reversed at the receiver end.

In a fourth embodiment according to the principles of the
present invention, the UE needs to report frequency selective
MIMO CQI. One example is shown in FIG. 2. Assume UE
reports CQI for two MIMO codewords. In 3GPP LTE, this
occurs when the rank of the channel is greater than 1. Also
note that in LTE, a common rank is reported across the fre-
quency sub-bands. So, in this example, we assume the chan-
nel has the same rank in multiple sub-bands and across the
wideband. As shown in FIG. 1, a wideband CQI, Q;, and a
wideband delta CQI, Dy, are reported for channel condi-
tions in the wideband. Note that the delta CQI is the difference
between two CQI values. There can be a variety of different
interpretation of the average CQI and the differential/delta
CQI For example, if the two CQI reports (Qz and D)
represents the CQI for two MIMO codewords, the CQI of
MIMO codeword 1 (CW1) can be reported by Q;5, and the
difference between the CQI of CW1 and CW2 canbe reported
by Dy5. Atthe receiver side, the CQl of CW2 can be obtained
jointly from the delta CQI and the wideband CQIl, e.g., Q5+
Dy UE also reports subband MIMO CQI. A frequency
differential CQL, Qg ,, and a subband delta CQI, D |, are
reported in subband 1. There can be a variety of different
meaning and interpretation of these CQI reports. For
example, if the two CQI reports (Qgp ; and Dy ) represents
the CQI for two MIMO codewords, the difference between
the CQI of CW1 in subband 1 and the wideband CQI (Qy5)
can be reported by Qg , , and the difference between the CQI
of CW1 and CW2 can be reported by D . At the receiver
side, the CQI of CW1 can be obtained jointly from the sub-
band CQI report and the wideband CQI report, e.g., Quz+
Qsz,1- The CQI of CW2 can be obtained jointly from the
wideband CQI report, the subband CQI report, and the sub-
band delta CQL e.g., Qy5+Qgz | +Dygy - These operations are
also illustrated in FIG. 2. For example, the arrow from Qg
pointing to Qy,; means that Qg , is a differential CQI with
respect to the wideband CQI. Likewise, the arrow from Dy
pointing to Q ; means that Dy , is a delta CQI with respect
to the subband CQI. With this framework, the previous
embodiments can be extended to the case of frequency dif-
ferential CQI and MIMO delta CQI.

Assume the wideband channel can be represented by a
MatriX G = G gz, G sz, - - O sz, 17 Where G g, isthe
channel matrix for sub-band i,. In simplified cases, some
intermediate measures such as channel capacity, mutual
information, transport block size, or effective SNR can be
obtained from these channel vectors. Assume the intermedi-
ate channel quality measure is effective SNR, which is
denoted by S. Thus, the intermediate channel quality measure
can be obtained from the channel estimate matrices as fol-
lows, Sy cum=F1(0 wa), Sws.cn=F20 ws), Sss.cmid
(8 sz4),and Sgg cpm ~Fo( A s5,). Wecan choose the reported
wideband CQI index as Qu5=q(Syp c5-) and the reported
wideband delta CQI index as Dyr=p(A(Syz cm)
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(S wuz.cmn)), Where q(*) is the UE’s measurement function
that estimates the most appropriate CQI index based on the
effective SNR, and p(*) is the UE’s differential compression
scheme. In the simplest form, Dyr=q(Ssp cnn)=
A ws,cn))-

In the fourth embodiment according to the principles of the
present invention, the value of the subband differential CQI
index is obtained by subtracting the wideband CQI index
from the sub-band CQI index that corresponds to the said
differential CQI. In other words, the differential operation
should be performed on the quantized CQI indices, instead of
the channel conditions or other intermediate channel quality
measures such as effective SINR, mutual information, or
normalized transport block sizes. Note that if the differential
operation is performed on the channel conditions or other
intermediate channel quality measures, both the wideband
CQI and the subband differential CQI indices will suffer from
independent quantization errors that will be accumulated in
obtaining the sub-band CQI at the receiver end.

Likewise, the value of the subband MIMO delta CQI index
is obtained by subtracting the sub-band CQI index for one
codeword from the sub-band CQI index for the other code-
word. In other words, the differential operation should be
performed on the quantized CQI indices of the MIMO code-
words, instead of the channel conditions or other intermediate
channel quality measures. Note that although the reference
CQI value for the sub-band MIMO delta CQI is the sub-band
CQI index for one of the MIMO codewords, the sub-band
CQI index is not reported by using full CQI. Instead, that
sub-band CQI index is reported by using a differential sub-
band CQI. Nevertheless, the aforementioned embodiments
such as using different CQI tables, deriving different CQI
sub-tables from the same original table, adjusting the upper/
lower limit and offset in calculating the differential sub-band
CQI or MIMO delta CQI according to the value of the refer-
ence CQI, and so on, are applicable to both differential sub-
band CQI and MIMO delta CQI calculation. Note the refer-
ence CQI can have different interpretation too. For example,
for MIMO delta CQI, the reference CQI can be the corre-
sponding sub-band CQI of one of the MIMO codeword, or a
wideband CQI of a MIMO codeword.

In a fifth embodiment according to the principles of the
present invention, different bit-widths are used for the wide-
band CQI, subband differential CQI, and the subband MIMO
delta CQI. Since wideband CQI serves as a reference to all
other CQJ, it is desirable to have higher resolution for the
wideband CQI. Likewise, the subband differential CQI also
serves as an intermediate reference for the subband MIMO
delta CQJL, so it is also preferable to have a better resolution
for the subband differential CQI. For example, we could use
5-bit for wideband CQI indices, 3-bit for subband differential
CQIl indices, and 2-bit for subband MIMO delta CQI indices.

In a sixth embodiment according to the principles of the
present invention, different bit-widths are used for the same
kind of CQI in different transmission formats. For example,
wideband CQI can be transmitted in both physical uplink
control channel (PUCCH) or physical uplink shared channel
(PUSCH). Since the resource on PUCCH is more scarce, it is
preferable to transmit wideband CQI in PUCCH with less
number of bits than to transmit wideband CQI in PUSCH. For
example, we can use 5-bit to transmit wideband CQI in
PUSCH and 4-bit to transmit wideband CQI in PUCCH.

In a seventh embodiment according to the principles of the
present invention, the sub-band delta CQI can be taken with
respect to different reference. For example, as shown in FIG.
3, the sub-band delta CQI for CW2 is chosen to be the differ-
ence between the subband CQI for CW2 and the wideband
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CQIlindex for CW2. Alternatively, the sub-band delta CQI for
CW2 can be taken with respect to the wideband CQI for CW1,
as shown in FIG. 4. In that case, the wideband CQI for CW1
serves as a reference for all other differential/delta CQI.

In an eighth embodiment according to the principles of the
present invention, if a number of element CQI are reported as
the average CQI and the differential CQI, one of the element
CQI can be omitted. The receiver can infer the omitted ele-
ment CQI value by the relationship between the average CQI
and the element CQI or the relationship among the differen-
tial CQI. For example, assume,

1Nt (12)
Ol = 37 ), QL
i=0

DiffCQI, = CQI

avg

- coi,

The UE only needs to report the average CQI, and (N-1)
differential CQI because

N-1
CQI, =NXCQl,, - ¥ COI,

i=0,i+k

a3

or equivalently,

N-1

DiffCQI, = - Z DIffCOl.

i=0iFk

And the base station can use these relationships to derive the
omitted differential CQI or element CQI value. This scheme
is particularly useful when the number of element CQI is
small. For example, N=2, 3, or 4.

While the present invention has been shown and described
in connection with the preferred embodiments, it will be
apparent to those skilled in the art that modifications and
variations can be made without departing from the spirit and
scope of the invention as defined by the appended claims.

What is claimed is:
1. A method for communication, the method comprising:
establishing a channel quality indication table comprising
an index column comprising a plurality of channel qual-
ity indication indices and a column comprising a plural-
ity of entries associated with corresponding channel
quality indication indices, a first number of bits being
used when transmitting a channel quality index selected
from the plurality of channel quality indication indices
of the channel quality indication table;
establishing a channel quality indication sub-table by
selecting a subset of entries in the channel quality indi-
cation table;
selecting, at a first node, a channel quality indication index
from the channel quality indication sub-table in depen-
dence upon an estimation of channel quality; and
transmitting, via the first node, an index of the sub-table
associated with the selected channel quality indication
index to a second node, the index being transmitted with
a second number of bits that is less than the first number
of bits.
2. The method of claim 1, in which the column comprising
a plurality of entries associated with corresponding channel
quality indication indices comprises a modulation scheme
column, a code rate column, a nominal spectral efficiency
column, or a nominal transport block size column.
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3. The method of claim 1, further comprising inserting a set
of rows of entries into the established channel quality indica-
tion sub-table.
4. An apparatus for communication, the apparatus com-
prising:
a memory; and
at least one processor coupled to the memory, the at least
one processor being configured:
to establish a channel quality indication table compris-
ing an index column comprising a plurality of channel
quality indication indices and a column comprising a
plurality of entries associated with corresponding
channel quality indication indices, a first number of
bits being used when transmitting a channel quality
index selected from the plurality of channel quality
indication indices of the channel quality indication
table;
to establish a channel quality indication sub-table by
selecting a subset of entries in the channel quality
indication table;
to select, at a first node, a channel quality indication
index from the channel quality indication sub-table in
dependence upon an estimation of channel quality;
and
to transmit, via the first node, an index of the sub-table
associated with the selected channel quality indica-
tion index to a second node, the index being transmit-
ted with a second number of bits that is less than the
first number of bits.
5. The apparatus of claim 4, in which the column compris-
ing a plurality of entries associated with corresponding chan-
nel quality indication indices is a modulation scheme column,
a code rate column, a nominal spectral efficiency column, or
a nominal transport block size column.
6. The apparatus of claim 4, in which the at least one
processor is further configured to insert a set of rows of entries
into the established channel quality indication sub-table.
7. A non-transitory computer-readable medium having
program code recorded thereon, the program code being
executed by a processor and comprising:
program code to establish a channel quality indication
table comprising an index column comprising a plurality
of channel quality indication indices and a column com-
prising a plurality of entries associated with correspond-
ing channel quality indication indices, a first number of
bits being used when transmitting a channel quality
index selected from the plurality of channel quality indi-
cation indices of the channel quality indication table;

program code to establish a channel quality indication
sub-table by selecting a subset of entries in the channel
quality indication table;
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program code to select, at a first node, a channel quality
indication index from the channel quality indication
sub-table in dependence upon an estimation of channel
quality; and
program code to transmit, via the first node, an index of the
sub-table associated with the selected channel quality
indication index to a second node, the index being trans-
mitted with a second number of bits that is less than the
first number of bits.
8. The non-transitory computer-readable medium of claim
7, in which the column comprising a plurality of entries
associated with corresponding channel quality indication
indices is a modulation scheme column, a code rate column,
a nominal spectral efficiency column, or a nominal transport
block size column.
9. The non-transitory computer-readable medium of claim
7,in which the program code further comprises program code
to insert a set of rows of entries into the established channel
quality indication sub-table.
10. An apparatus for communication, the apparatus com-
prising:
means for establishing a channel quality indication table
comprising an index column comprising a plurality of
channel quality indication indices and a column com-
prising a plurality of entries associated with correspond-
ing channel quality indication indices, a first number of
bits being used when transmitting a channel quality
index selected from the plurality of channel quality indi-
cation indices of the channel quality indication table;

means for establishing a channel quality indication sub-
table by selecting a subset of entries in the channel
quality indication table;

means for selecting, at a first node, a channel quality indi-

cation index from the channel quality indication sub-
table in dependence upon an estimation of channel qual-
ity; and

means for transmitting, via the first node, an index of the

sub-table associated with the selected channel quality
indication index to a second node, the index being trans-
mitted with a second number of bits that is less than the
first number of bits.

11. The apparatus of claim 10, in which the column com-
prising a plurality of entries associated with corresponding
channel quality indication indices is a modulation scheme
column, a code rate column, a nominal spectral efficiency
column, or a nominal transport block size column.

12. The apparatus of claim 10, further comprising means
for inserting a set of rows of entries into the established
channel quality indication sub-table.
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